Introduction N onalcoholic fatty liver disease (NAFLD) is reported in some Western countries to be the most common liver disease, surpassing the prevalence of chronic hepatitis C virus or alcoholic liver disease.
(1) Histological changes due to NAFLD range over a wide spectrum, extending from simple steatosis to non-alcoholic steatohepatitis (NASH), liver cirrhosis and liver failure, and sometimes, even hepatocellular carcinoma. (2) NAFLD is considered as a hepatic manifestation of metabolic syndrome and is particularly associated with insulin resistance, obesity, hypertension and abnormalities of glucose and lipid metabolism. (3) NAFLD is characterized by the accumulation of triglycerides (TGs) in the liver. We previously reported that lipopolysaccharides could be associated with the development of hepatic steatosis. (4) However, the mechanism of hepatic fat accumulation in NAFLD is incompletely understood. Potential contributors include increased delivery of fatty acids to the liver, excessive de novo lipogenesis, decreased TGs export, and decreased oxidation of fatty acids. Hepatic fat accumulation resulting from increased de novo fatty acid synthesis leads to hepatic steatosis and hepatic insulin resistance. The accumulation of excessive TGs in animal tissues, including the liver, is strongly associated with insulin resistance, a major component of metabolic syndrome. (5, 6) A dipeptidyl peptidase-4 (DPP-4) inhibitor, sitagliptin phosphate monohydrate, acts by inhibiting the breakdown of regulatory peptides, including incretins such as glucagon-like peptide-1 (GLP-1) or glucose-dependent insulinotropic polypeptide (GIP), and increasing insulin release.
(7) DPP-4 inhibitors enhance levels of these gut-derived active incretin hormones that are released into the circulation after ingestion of a meal, (8, 9) thereby decreasing the post meal rise in glucose concentrations and reducing fasting glucose concentrations in a glucose-dependent manner. (10, 11) They have a modest efficacy for lowering glycosylated hemoglobin (HbA1c) compared to other anti-hyperglycemic agents and a low potential for hypoglycemia and weight change. (12) Recently, sitagliptin has also been shown to prevent the development of hepatic steatosis induced by a fructose-rich diet in a rat model. (13) However, the beneficial effect of DPP-4 inhibition on diet-induced extrapancreatic effects, especially on liver tissue anti-inflammation, anti-fibrosis and anti-oxidative except for hepatic steatosis, remains poorly understood.
In this study, we analyzed the effect of sitagliptin, an orally active, potent, and highly selective DPP-4 inhibitor, (8) on liver function using ob/ob mice, an obese rodent model of type 2 diabetes mellitus (T2DM) that exhibits hyperglycemia, glucose intolerance, hyperinsulinemia, and hyperglucagonemia. (14) Materials and Methods
Chemicals.
The sitagliptin phosphate monohydrate used in this study was purchased from Carbosynth Ltd. (Compton, Berkshire, TG20 6NE, UK). Sitagliptin phosphate monohydrate was administrated orally by premixing with the high carbohydrate diet to a concentration of 0.0018%. This concentration of sitagliptin phosphate monohydrate has been used to treat patients with T2DM.
Animals. Obese male (ob/ob) 5-week-old mice were obtained from Oriental Bio Service (Kyoto, Japan). These mice have been extensively used as a naturally occurring model of hepatic steatosis. These mice are leptin deficient because a mutation in the ob gene encoding leptin transcription prevents its biosynthesis. (14) Experimental designs. After weaning, mice were divided into two groups. One group [high carbohydrate diet (control group), n = 6] was fed a high carbohydrate diet (Oriental Bio Service, Kyoto, Japan) containing 9% of calories from fat, 22% from protein, and 69% (60% fructose) from complex carbohydrate. The experimental group (high carbohydrate diet with 0.0018% sitagliptin phosphate monohydrate (Sitagliptin group, n = 6) was fed an experimental diet. Mice were allowed free access to food until 17 weeks of age, with a 12-h light/12-h dark cycle under conditions of controlled temperature (22 ± 1°C) and humidity (50 ± 10%). Food intakes were measured daily, while individual body weight was recorded once a week. Mice were fasted overnight prior to euthanasia. All mice were sacrificed after completing their respective dietary regimens, and the livers N of the individual animals were weighed. Liver were removed, samples placed in formalin and the remainder snap frozen and stored at -80°C. All surgical and experimental procedures were performed according to the guidelines for the care and use of animals approved by the Osaka Medical College.
Assay for plasma hepatic and metabolic parameters.
Blood samples were obtained by cardiac puncture and separated by centrifugation (12,000 rpm, 15 min) as plasma. The levels of blood biochemical parameters, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), glico albumin (GA), total-cholesterol (T-CHO), triglyceride (TG), free fatty acids (FFA), glucose, insulin, acetyl-coenzyme A (CoA) and malonyl-CoA were assayed by a local laboratory that does clinical analysis (ORIENTAL YEAST Co. Ltd., Kyoto, Japan).
Assay for hepatic lipid content. Hepatic tissues were homogenized with a Janke & Kunkel Polytron homogenizer (ULTRA-TURRAX TP18/1051; IKA-Labortechnik, Staufeni, Germany) in buffer (pH 7.4) containing 20 mM Tris HCl, 1.0 mM EGTA, 2.0 mM EDTA, and treated with protease inhibitor (2.0 μg/ml, leupeptin cocktail). Hepatic tissue TG levels were measured by a local laboratory that does clinical analysis (SRL Co. Ltd., Tokyo, Japan).
Histological analysis of hepatic tissue. The liver tissue from each mouse was fixed in 10% buffered formaldehyde, and then embedded in paraffin. A 4 mm thick section cut from a paraffin embedded tissue was stained with Hematoxylin & Eosin (H&E). These sections were evaluated for fat content by the absence of staining. For hepatic steatosis: grade 0 = no fat, grade 1 = steatosis occupying less than 33% of hepatic parenchyma, grade 2 = steatosis occupying 33-66% of the hepatic parenchyma, grade 3 = steatosis occupying more than 66% of the hepatic parenchyma. For inflammatory cell infiltration: grade 0 = none, grade 1 = 1-2 foci/field, grade 2 = 3-4 foci/field, grade 3 = more than 4 foci/field. For ballooning degeneration of the hepatocytes: grade 0 = absent, grade 1 = very mild inflammation, grade 2 = mild-to-moderate portal inflammation, grade 3 = intraacinar inflammation and moderate portal inflammation. For hepatic fibrosis: stage 0 = none, stage 1 = mild perisinusoidal, stage 2 = moderate perisinusoidal fibrosis, stage 3 = periportal fibrosis, stage 4 = bridging fibrosis. (15) Real time PCR. Tissue specimens were preserved in RNAlater reagent (QIAGEN, Hiden, Germany) until the isolation of the total RNA. Total RNA was isolated from the liver tissue using a QIA shredder and an RNeasy kit (QIAGEN). cDNA was prepared using the Taqman reverse transcriptase kit (QIAGEN). Real-time PCR was performed on total RNA using the StrataScript First Strand cDNA Synthesis Kit and FullVelocity SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA) according to the manufacturer's protocol. Primers for real-time PCR were designed using BEACON DESIGNER software ver. 2.12, according to the parameters outlined in the BioRad iCycler Manual, using reference mRNA sequences accessed through Gene Bank and as shown in Table 1 . All probes used in the Taqman Gene Expression Assays were purchased from Applied Biosystems. PCR reactions were carried out in the I-cycler Thermal Cycler (Bio-Rad Laboratories Hercules, CA). PCR products were detected using the I-Cycler IQ Real-Time PCR Detection System (Bio-Rad). The relative amount of mRNA was calculated by comparative cycle time determination with ribosomal protein RPL32 as the invariant control. Gene expression values were calculated based on the ddCt method. The results are expressed as fold increase in expression relative to the control group.
Assay for plasma GLP 1 concentration. Total plasma GLP-1 concentrations were measured by using a GLP-1, Active from assay kit-IBL according manufacture's protocol (ImmunoBiological Laboratories Co., Ltd., Gunma, Japan).
Western blotting. Proteins were extracted from liver and resolved by electrophoresis on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose membranes. Specific rabbit polyclonal antibodies against mouse acetyl-CoA carboxylase 1 (ACC1; ab72046; Abcam, UK), fatty acid synthase (FAS; ab68338; Abcam), carbohydrate responsive element-binding Table 1 . Primer sequences used for the real time polymerase chain reaction
Gene
Primer Sequences (Sense) Primer Sequences (Antisense)
protein (ChREBP; ab81958; Abcam) and specific mouse monoclonal antibodies against sterol regulatory element-binding protein-1c (SREBP-1c; ab3259; Abcam) were used. The membranes were washed and incubated with goat anti-rabbit IgGhorseradish peroxidase conjugated secondary antibody (antimouse IgG-HRP #SC-2005, anti-rabbit IgG-hrp #SC-2030; Santa Cruz Biotechnology, Dallas, TX). The proteins were detected using a chemiluminescence kit (Mini-PROTEAN TGX Gels; Bio-Rad), and quantitated using the Imaging System (LAS3000; Fuji Film, Japan). Statistics and data analyses. Data are presented as a mean ± SEM. Statistical analyses were performed using Student's t test. P values of less than 0.05 were considered statistically significant.
Results
Effect of treatment with diets on body weight and liver/ body weight ratio. As shown in Fig. 1 , at the end of the experimental period, there was no significant difference in the weight of mice in the two groups; Control group 48.72 ± 1.17 g and Sitagliptin group 50.04 ± 1.28 g (p<0.05). As shown Table 2 , the ratio of liver weight to body weight was not significantly different between the two groups of mice; Control group 7.20 ± 0.55 and Sitagliptin group 7.52 ± 0.41% (p<0.05).
Plasma and hepatic biochemical parameters. To examine whether the two diets affected liver damage and steatosis, we quantified plasma levels of AST, ALT, T-CHO, TG and hepatic levels of TG. Table 2) .
Plasma glucose, insulin and GA. Mice fed the diet containing sitagliptin had lower fasting blood glucose than the Control group (240.33 ± 49.94 mg/dl vs 313.83 ± 46.73 mg/dl, p<0.05), higher fasting plasma insulin (3.27 ± 2.08 ng/dl vs 1.32 ± 0.15 ng/dl, p<0.05), and lower levels of GA (2.30 ± 0.32% vs 2.97 ± 0.52%, p<0.05) ( Table 2) .
Histological analysis. Hepatic steatosis was seen in all mice in both the Control group and Sitagliptin group, but the mean grade of steatosis in the Sitagliptin group was significantly lower than in the Control group (Table 3 ). In the Sitagliptin group, there were five mice with grade-1 and one with grade-2 steatosis, whereas in the Control group five mice had grade-2 steatosis and there was one mouse with grade-3 steatosis (Table 3) . Hepatic lobular necroinflammation was not observed in the periportal field Fig. 1 . Effects of treatments with sitagliptin on body weight. Data are shown as the mean ± SD. ns, not significant. Table 3 . Histological findings of the liver in two groups mice
The numbers are expressed as number of subjects and percentage. of the hepatic parenchyma in either group (Table 3 and Fig. 2 ). Ballooning degeneration and fibrosis were not observed in any of the mice (Table 3 and Fig. 2 ). Hepatic pro inflammatory mRNA expressions. Since the biochemical parameters, such as levels of AST and ALT, were significantly decreased in the Sitagliptin group, we examined the expression of hepatic proinflammatory cytokines. The mRNA levels of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukins (IL)-1β and IL-6 were significantly decreased in the Sitagliptin group (p<0.05, Fig. 3 ).
Hepatic lipogenic related mRNA expressions. The observed histological findings and hepatic TG content suggest that the expression of cytokines is involved in the development of NAFLD. In the present study, the hepatic TG content in the Sitagliptin group was reduced (Table 2) . However, the mRNA expression level of sterol regulatory element-binding protein (SREBP)-1c was not significantly different between the two groups, and the mRNA expression level of carbohydrate responsive element-binding protein (ChREBP) was increased in the Sitagliptin group (Fig. 4) . In addition, the mRNA expression levels of fatty acid synthase (FAS) and stearoyl-CoA desaturase (SCD)-1 were significantly decreased in the Sitagliptin group (Fig. 4) . And, the expression of peroxisome proliferator-activated receptor (PPAR)α, a key element in β-oxidation of free fatty acids was not significantly different between the Control and Sitagliptin groups (Fig. 4) . The expression of PPARγ was also not significantly different between the two groups (Fig. 4) .
Furthermore, we examined the expression of these hepatic lipogenic-related enzymes. The expression of ATP-citrate lyase (ACL) and Acetyl-CoA carboxylase (ACC)1 were significantly decreased in the Sitagliptin group (Fig. 5) . However the expression of carnitine palmitoyltransferase (CPT)1A and CPT1B were not significantly different between the Control group and Sitagliptin group (Fig. 5) .
Insulin signaling related mRNA expressions. Since the insulin resistance is associated with the development of NAFLD, we examined the hepatic insulin signaling-related genes. The expression of insulin receptor substrates (IRS)-1, IRS-2, phosphoinositide 3-kinase (PI3K) and AMP-activated kinase (AMPK) were not significantly different between the Control group and Sitagliptin group (Fig. 6 ).
Mitochondrial oxidation of free fatty acid related mRNA expressions. Once the fatty acid is inside the mitochondrial matrix, β-oxidation can begin. It has four steps. (16) We examined the expression of mitochondrial oxidation of fatty acid-related genes, such as acyl-CoA synthtase, medium-chain acyl-CoA dehydrogenase (MCAD), long-chain acyl-CoA dehydrogenase (LCAD), enoyl-CoA hydratase (ECH), 3-hydroxyacyl-CoA dehydrogenase (HAD), and 3-ketoacyl-CoA thiolase (3-KAT). The expression of acyl-CoA synthetase was significantly decreased in the Sitagliptin group (Fig. 7) . However, the expressions of other genes were not significantly different between the two groups (Fig. 7) .
Assay for plasma GLP 1. Since GLP-1 prevents the development of metabolic syndrome such as NAFLD, (17) therefor we examined this concentration. As expected, plasma concentration of GLP-1 was higher in Sitagliptin group (Fig. 8) .
Change in levels of lipogenic related protein.
The prevention of hepatic steatosis in the Sitagliptin group was considered to be due to lipogenic enzymes. Therefore, we examined the effects of sitagliptin on the hepatic protein levels and enzymatic activities of representative ChREBP-and SREBP-1c-responsive lipogenic enzymes, including ACC1 and FAS. Biochemical analysis showed that ChREBP and SREBP-1c protein levels were increased in the liver extract of Sitagliptin group (Fig. 9) , while FAS and ACC1 protein levels were decreased in the liver extract of the Sitagliptin group (Fig. 9) .
Assay for plasma acetyl CoA and malonyl CoA. The synthesis of malonyl-CoA is the committed step toward the synthesis of fatty acids; (18) therefore we examined these concentrations. The concentration of acetyl-CoA was lower in Sitagliptin group, although the differences were not significant; however the concentration of malonyl-CoA was significantly lower in the Sitagliptin group (Fig. 10) .
Discussion
NAFLD is associated with T2DM and obesity in many patients. In this study, we assessed the effects of the anti-diabetic drug sitagliptin on NAFLD induced in an animal model of these diseases (ob/ob mouse) by feeding a fructose-based high-carbohydrate diet.
During the present study, we compared mice fed HCD containing sitagliptin and those fed HCD alone, and found no significant difference in weight gain between the two groups. However, histological examination of their livers revealed that the livers of mice fed HCD containing sitagliptin showed less hepatic steatosis than livers of the mice fed HCD alone. To determine the mechanism contributing to these histological differences, we examined plasma parameters associated with liver dysfunction and plasma lipid levels, as well as hepatic TG concentrations; parameters we hypothesized may be different between the two groups. We found that plasma AST and ALT levels (parameters of liver dysfunction) were significantly lower in mice fed HCD containing sitagliptin. These mice also showed lower plasma and hepatic TG concentrations (hepatic TG concentration is a hallmark of hepatic steatosis).
In these mice, the plasma glucose levels were lower, but the plasma insulin levels were not. In addition, whereas IRS-1 and IRS-2 signaling is associated with hepatic insulin resistance, (19) the mRNA expressions of hepatic IRS-1, IRS-2, PI3K and AMPK were not significantly different between the two groups. These findings failed to show that sitagliptin might improve insulinresistance, which was a result that we had expected to find.
The most interesting finding from the present study was that the histological examination indicated the possibility of sitagliptin (a drug used for the treatment of T2DM) preventing the expression of hepatic steatosis of the liver induced by intake of a fructosebased diet. On the other hand, a previous report showed GLP-1 was effective for the development of hepatic steatosis.
(17) And our results showed plasma level of GLP-1 significantly increased in Sitagliptin group. GLP-1 had an effect to decrease body weight, however there was no significant difference in body weights between the two groups. Therefore we examined whether some factors except GLP-1 were associated with these histological changes. To determine the mechanism, we investigated hepatic expression of genes known to be associated with the progression of NAFLD, as well as various lipid-related genes, including factors associated with mitochondrial β-oxidation. Comparison of the relative expression of the inflammatory cytokines TNF-α, IL-6, IL-1β, and IFN-γ in the liver revealed lower expression in mice fed HCD containing sitagliptin. Hepatic steatosis is caused by abnormally enhanced de novo lipid synthesis and fat delivery. ChREBP has recently emerged as a major mediator of glucose action in the control of glycolysis and lipogenesis in the liver. Induction of lipogenic genes such as ACC1 and FAS is under the concerted action of ChREBP and of the transcription factor SREBP-1c in response to glucose and insulin, respectively. (20, 21) In the nucleus, SREBP-1c transcriptionally activates all genes required for lipogenesis. (22) The expression of the representative lipid synthesis-related genes SREBP-1c and ChREBP were not lower in mice fed HCD containing sitagliptin, which was not consistent with the histological findings. However, the expressions of FAS were lower in mice fed HCD containing sitagliptin. In addition to FAS, stearoyl-CoA desaturase-1 (SCD-1) may be critical to the elimination of triglyceride accumulation in hepatocytes.
(23) The expression of SCD1, which accelerates degradation of fatty acids, was lower in mice fed HCD containing sitagliptin.
To explain the inconsistency between the histological findings and expression of lipid-related genes noted between the two groups, we further studied genes associated with oxidation of fatty acids and mitochondrial β-oxidation. Once the fatty acid is inside the mitochondrial matrix, β-oxidation can begin according to four steps (16) . The expression of acyl-CoA synthetase, which is associated with mitochondrial β-oxidation, was lower in mice fed a diet containing sitagliptin, whereas no significant differences were detected between the two groups with respect to the factors associated with the other steps of β-oxidation. Therefore, it was unlikely that sitagliptin was involved in mitochondrial β-oxidation.
ACL is an important lipogenic enzyme that regulates the flow of glucose carbons to cytosolic acetyl-CoA (24) . In eukaryotes, ACC is a biotinylated enzyme that catalyzes the ATP-dependent carboxylation of acetyl-CoA to produce malonyl-CoA. In animals there are two ACC genes: ACC1 and ACC2. ACC1 is a protein that is mainly expressed in liver and adipose tissue. (25) Subsequently, we investigated factors that are associated with the production of acetyl-CoA and malonyl-CoA, which are largely responsible for fat accumulation in the liver. Significant difference was found in the expressions of ACL between the two groups. Furthermore, the expression of ACC1 was lower in mice fed HCD containing sitagliptin. ACL, ACC1 and FAS are key genes involved in fat accumulation in the liver caused by intake of fructose, and the expression of these genes are regulated by ChREBP and SREBP-1c. (26) However, during our present study, the expression of ACL, ACC1 and FAS were inhibited in mice fed a diet containing sitagliptin, irrespective of the expression of ChREBP or SREBP-1c and without being affected by the expression of CPT1A. ACL is a rate-limiting enzyme necessary for production of acetyl-CoA from citrate, and ACC1 is a ratelimiting enzyme necessary for production of malonyl-CoA from acetyl-CoA. During our study, the acetyl-CoA concentrations were lower in mice fed HCD containing sitagliptin, although the differences were not significant. In addition, the malonyl-CoA concentrations were significantly lower in mice eating a HCD containing sitagliptin. This seems to partly explain the histological differences noted between the two groups. In addition, this findings support the published report that the malonyl-CoA produced by ACC1 is involved in the noble synthesis of fatty acids in ACC1-knockout mice. In summary, it was suggested that a decrease in production of the malonyl-CoA by inhibiting expression of ACC1 greatly influenced the fat accumulation to liver. This would inhibit part of the process of hepatic steatosis, without mediating the expression of ChREBP or SREBP-1c.
Of course, sitagliptin increased the concentration of GLP-1 that improves the development of hepatic steatosis, however the drug seems to prevent the development of NAFLD by inhibiting the expression of various inflammatory cytokines in the liver and by inhibiting the expression of genes related to lipid synthesis. The findings that sitagliptin inhibited hepatic steatosis of obese mice suggests that this diabetes mellitus drug can prevent NAFLD in patients with T2DM and obesity. 
